Use of carbon-based materials, such as graphene, has drawn attention in the wastewater treatment field because of their high specific surface area. This property of graphene suggested that it had superior adsorption characteristics for removing contaminant dyes from aqueous solutions. Based on this precept, we wanted to enhance the adsorption ability of the Ag/Fe3O4/ZrO2 photocatalyst by adding graphene, using the co-precipitation method for synthesis. The crystal structure of as-prepared specimen was characterized using Xray diffraction, which confirmed the existence of tetragonal phase ZrO2, cubic spinel phase Fe3O4 and cubic phase Ag. Unfortunately, the graphene characteristic peak could not be detected by X-ray diffraction (XRD). Thermal gravimetric analysis showed that mass degradation below 150 °C could be attributed to the loss of bound water from the surface of the ZrO2. Mass degradation at 340 °C could be attributed to the combustion process of graphene, which indicated the presence of graphene in the prepared samples. The synthesized samples were utilized for the uptake of methylene blue (MB) as a model of an organic pollutant. The results that were obtained showed that the inclusion of graphene increased the ability of Fe3O4/ZrO2 adsorption. Increases in the weight percentage of graphene increased the adsorption ability of the samples. The best adsorption occurred in alkaline pH conditions. The experimental data could be fitted better using the Langmuir model than it could using the Freundlich model. Finally, as-prepared samples showed good stability, even after four cycles of reuse.
Introduction
In a previous study, we reported on the photocatalytic activity of the Ag/Fe3O4/ZrO2 (Ag/FZ) composite [1] . Those results showed that the Ag/FZ photocatalyst performed well in removing MB dye from an aqueous solution under UV light irradiation. However, the adsorption ability of this composite, one of the important parameters in the dye removal process, had not yet been studied. When photocatalytic activity was taking place, dyes were simultaneously removed by adsorption onto the surface of the photocatalyst [2] . It was therefore necessary to study the adsorption ability of the synthesized Ag/FZ composite.
Adsorption has been considered an efficient method to remove contaminant dyes from aqueous solutions because of low cost and simple operation [3] . A number of adsorbents have been studied for the removal of dye from the water system [4, 5] , but the use of these adsorbents has been hindered by their having low capacity.
The structural configuration of graphene shows that it is a 2-D material with a mono-layer framework of six-membered carbon rings. It has a high specific surface area [6] , which makes it a good adsorbent because it provides more active sites for adsorption. It was therefore expected that combining graphene with Ag/FZ photocatalyst could enhance the composite's adsorption ability. The aim of this study was to examine the adsorption ability of the synthesized Ag/FZ photocatalyst and the effect of the graphene addition. Several parameters, such as solution pH and initial concentration of the dye, were also studied. Finally, the reusability of the adsorbent composite was tested by reusing it four times.
Experimental procedure

Materials and reagents
The starting materials such as iron (II) sulfate heptahydrate (FeSO4.7H2O, purity 99 %), zirconium(IV) chloride (ZrCl4), silver nitrate (AgNO3), sodium dodecyl sulfate (SDS), sodium carbonate (Na2CO3), ethylene glycol (EG) and sodium hydroxide (NaOH) were procured from Merck. Graphene (S.A. 400 m 2 /g) was procured from Angstron Materials. Analytical grade reagents which did not required any purification process were used in this study.
Preparation of samples
The ZrO2 and Fe3O4 nanoparticles were prepared according to previously reported methods [7, 8] . Ag nanoparticles were synthesized by dissolving AgNO3 and SDS in separate EG solutions. Na2CO3 was dissolved in distilled water. The Na2CO3 solution was mixed with the SDS solution and AgNO3 solution was added. The mixture was then subjected to vigorous stirring on a magnetic stirrer for 10 min. The solution was then heated in a microwave oven at 800 W for one minute, and this was followed by a further 30 min of magnetic stirring. The mixed solution was centrifuged and cleaned several times with distilled water and ethyl alcohol to separate impurities. The clean precipitate was then heated to 120 °C and the temperature were maintained for five hours to obtain Ag nanoparticles. An ultrasonic-assisted method was used to synthesize the Fe3O4/ZrO2. Specifically, the prepared ZrO2 was mixed with the Fe3O4 nanoparticles in the mixture of distilled water and ethanol under ultrasonic exposure for two hours. Centrifugation of the mixed solution was conducted to collect the precipitate. The precipitate was finally vacuum dried in an oven at 80 °C for 12 h to obtain Fe3O4/ZrO2 composites, which were labelled as FZ. The molar ratio of Fe3O4 to ZrO2 was about 0.5:1. The Ag/FZ composites were prepared in a similar way as elaborated above. The amount of Ag used for this process was 15 wt.% of Ag to the FZ composites. The Ag/Fe3O4/ZrO2/graphene composites were then synthesized utilizing a co-precipitation method similar to experimental process detailed in our previous report [9] . The amounts of graphene were varied as follows: 1 wt.%, 3 wt.% and 5 wt.% of graphene to the Ag/FZ composites.
Characterization
X-ray diffraction (Rigaku Miniflex 600 diffractometer) using Cu K-α radiation (! =1.5406 Å) was performed to observe the crystalline phase of the synthesized specimen. An Oxford Type 1.2 T vibrating sample magnetometer (VSM) was used to investigate the magnetic behavior of the synthesized samples. Thermal gravimetric analysis (TGA) was used to analyze the thermal stability of the synthesized samples in an oxygen atmosphere. The morphology of all prepared samples was investigated and elemental analysis was done using a high-resolution transmission electron microscope (HRTEM) and an energy dispersive x-ray measurement (EDX).
Adsorption experiments
The effect of graphene weight percentage, initial concentration of dye and pH on the adsorption of MB was investigated by varying the parameter under study and keeping the other parameters constant. In a typical procedure, 30 mg of synthesized samples were introduced into a 100 mL MB solution. The solution containing the suspensions was stirred under dark conditions. The MB concentration was then determined at a characteristic peak of 663 nm using a UV-Vis spectrophotometer. The amounts of MB adsorbed per unit mass of adsorbent and removal percentage were calculated using the equations below: where qt (mg/g) is adsorption capacity at any time, t, is time (min), C0 and Ct (mg/L) are initial and time (t ) spent immersed in the MB solution,V (L) is the volume of MB solution used, and m (g) is the weight of the adsorbent. Adsorption kinetics tests were conducted to study the controlling mechanism of MB adsorbed onto the synthesized samples [10] . Adsorption isotherm models were used to predict the interaction between adsorbate and adsorbent when the adsorption balanced was reached. Langmuir and Freundlich models were used to explain these interactions. One of the key assumption of the Langmuir isotherm is that a monolayer adsorption process takes place on homogenous adsorption sites. The equation of the Langmuir isotherm is as follows [11] :
where ! ! (mg/L) is the equilibrium concentration of MB, ! ! (L/mg) is the Langmuir equilibrium constant and ! ! (mg/g) is the maximum adsorption capacity. However, the Freundlich isotherm assumes that a multilayer adsorption process occurs on a heterogenous surface, which is given as follows [11] :
where ! ! is the Freundlich adsorption constant and ! represents intensity of adsorption. Figure 1a reveals the XRD patterns of the prepared samples. As indicated in figure 1a, Notably, no diffraction peaks arising from possible impurities were detected, implying that the products had high levels of purity. Figure 1b shows the TGA plot of synthesized samples that obtained under an oxygen condition. It was observed that there was an initial weight loss until a temperature of 180 °C was reached, which corresponded to the loss of adsorbed water [12] . The major thermal decomposition occurred from 340 °C to 1000 °C in which range the graphene underwent a combustion process [13] , indicating the existence of graphene in the Ag/FZ/graphene composite, even though it could not be detected by XRD. The total weight loss due to the combustion process represents the total amount of graphene in the samples. The HRTEM images of Ag/Fe3O4/ZrO2 and Ag/Fe3O4/ZrO2/graphene composites were plotted in figure 2a and figure 2b , respectively. As can be seen from the figure showing Ag/Fe3O4/ZrO2, there are several lattice fringes of various lengths: 0.23 nm which corresponds to the 111 plane of Ag; 0.25 nm which belongs to the 311 plane of Fe3O4; and 0.28 nm which corresponds to the 111 plane of ZrO2. It confirms that the Ag/Fe3O4/ZrO2/graphene was successfully formed. To further confirm the existence of Ag/Fe3O4/ZrO2/graphene composites, EDX measurements were performed to identify the atomic composition of the samples. The EDX measurement of the Ag/Fe3O4/ZrO2 and the Ag/Fe3O4/ZrO2/graphene samples were plotted in figure 3 . The figure shows that the EDX spectra of the Ag/Fe3O4/ZrO2 composites consisted of Ag (silver), Fe (Iron), Zr (Zirconium), and O (Oxygen). The presence of graphene in the Ag/Fe3O4/ZrO2/graphene composites could be confirmed by the existence of a carbon atom in the EDX measurement. This result further confirms that the samples were successfully formed. Figure 4a shows the adsorption of MB onto Ag/FZ and Ag/FZ/graphene with various graphene weight percentages. The removal percentage of the Ag/FZ sample was lower than that of any of the Ag/FZ/graphene composites regardless of the graphene weight percentage. The maximum removal percentage was achieved by the Ag/FZ 5 wt.% graphene sample. It is clear that the introduction of graphene into the Ag/FZ composite enhanced the adsorption ability and increasing the amount of graphene in the sample similarly enhanced the adsorption ability of the composite owing to its superior specific surface area. The ability to reuse the adsorbent is an important factor in evaluating the efficiency and stability of an adsorbent. We therefore studied the reusability of the Ag/FZ/5 wt% graphene composite, because it was the best adsorbent. After the first use of the composite for the adsorption of MB, the recovered Ag/FZ/5 wt.% graphene was then reused to adsorb further MB without any further treatment of the adsorbent. As is shown in figure 4b , the Ag/FZ/5 wt.% graphene composite can be reused up to four times without any significant loss of its removal percentage.
Results and discussion
The interactions between adsorbate and adsorbent are evaluated by studying the adsorption isotherm at room temperature. Langmuir and Freundlich adsorption isotherm models for Ag/FZ, Ag/FZ 1 wt.% graphene, Ag/FZ 3 wt.% graphene and Ag/FZ 5 wt.% graphene are displayed in figure 5a and figure 5b. Table 1 compared, the Langmuir isotherm proves to be more suitable in describing the experimental data than the Freundlich isotherm. This result suggested that the adsorption sites in the prepared samples are finite and the adsorption process takes place as monolayer adsorption.
Conclusions
The present work showed that Ag/FZ composite could be used as an adsorbent for the removal of MB dye from an aqueous solution. The introduction of graphene into the Ag/FZ composite enhanced its adsorption ability greatly, and increased weight percentages of graphene further increased adsorption performance. The best performance of MB adsorption was achieved at pH = 13. Increases in initial dye concentration increased the amount of dye adsorbed onto the adsorbent. The adsorption kinetics can be well predicted by a pseudo-second-order model. The Langmuir adsorption isotherms were found to be a better fit to the experimental data than the Freundlich isotherms. The results of the present study indicate that the Ag/FZ 5 wt.% composite was the best adsorbent and when reused four times it showed good reusability.
